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Geodynamic modelThis study reports on the ﬁrst comprehensive analysis of the geology, petrology and origin of the Dashuang pluton
in Jinhua, eastern Zhejiang, South China, which is predominantly composed of quartz monzonite and subordinate
quartz syenite that includes variable amounts of aegirine–augite. The quartz monzonite has a porphyritic texture
deﬁned by K-feldspar phenocrysts, whereas the quartz syenite shows considerable variation in grain size and is
categorised into ﬁne- and coarse-grained types. Zircons from the quartzmonzonite and ﬁne-grained quartz syenite
yield LA–MC–ICP–MS (laser ablation–multi-collector–inductively coupled plasma–mass spectrometry) U–Pb ages
of 231.60 ± 0.86 Ma and 231.7 ± 1.1 Ma, respectively, indicating crystallisation in the Middle Triassic.
The chemistry of the quartz monzonite indicates a calc-alkaline to alkaline evolutionary trend, which may re-
ﬂect partial melting of upper mantle contaminated by Proterozoic basement rocks, subjected to fractional
crystallisation during ascent. Both the ﬁne- and coarse-grained quartz syenites are alkaline and have high
rare earth element (REE) concentrations, especially light rare earth elements (LREE), and are relatively
enriched in large ion lithosphere elements (LILE). The Al2O3 and NaO2 contents of the quartz syenite increase
proportionally with SiO2, owing to greater amounts of aegirine–augite and feldspar. The ﬁne-grained quartz
syenite has the lowest initial 87Sr/86Sr ratio and lowest Nd model age, and the highest εNd value compared
with the quartz monzonite. The quartz syenite compositions are best explained by fractional crystallisation
of an enriched mantle-derived alkaline magma. Slight chemical variations result from source heterogeneities,
as well as the spatially variable degrees of melting, assimilation, and other factors.
Our new age and geochemical data for the alkaline rocks in eastern Zhejiang, considered together with col-
lisional granites from South Korea, support a history of collision and extension between the Palaeo-Paciﬁc
plate and the South China Block during the Indosinian. We use these data to reﬁne the geodynamic model
for Indosinian multi-plate convergence in South China.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
South China was assembled through a series of collisional events
that amalgamated the North China, Yangtze and Cathaysia blocks
during the Indosinian Period (Dong et al., 2007; Kim et al., 2011; Li
et al., 2012b; Mao et al., 2011; Ren, 1991; Zheng et al., 2003). This
region, reaching the Qianling–Dabie Orogenic Belt in the north, and
neighbouring the Qinghai–Tibet and Indochina blocks in the southwest,
was subsequently inundated by the Eastern Tethys Ocean. It was then+86 25 84600446.
ilongli@zju.edu.cn (Z. Li),
am.re.kr (W.-S. Kee).
nc. Open access under CC BY license.ﬁlled by the ancient Paciﬁc Ocean, now covering the Paciﬁc plate. To un-
derstand the Mesozoic evolution of South China, a consideration of the
three geodynamic systems that controlled Asia's Phanerozoic
development (i.e., the Palaeoasian, Tethys–Palaeo-Paciﬁc and Indian–
Paciﬁc) is required (Ren, 1991).
The Indosinian granites examined in this study are located in the
South China Inland Belt, Wuyi–Yunkai Mountainous Range Belt, and
Southeast China Coast Belt that are separated by the Pingxiang–
Chenzhou–Hepu and Shaowu–Heyuan faults, respectively (Mao
et al., 2011). These granites decrease in age from south to north across
the study area (Fig. 1a and b). In general, they are elongated east–
west, particularly in the South China Inland Belt and Wuyi–Yunkai
Mountainous Range Belt, resulting from north–south directed colli-
sion between the Sibumasu and Indochina blocks (Xu et al., 2011).
Late Yanshanian granites in the same area trend northeasterly and
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Fig. 2. Field photographs and photomicrographs of the Dashuang pluton. (a) The major component, KMO (sample 10DS-2), has about 25% K-feldspar phenocrysts (Kf). (b) The com-
plementary intrusive body, ASY (sample 10DS-1-1), with uniform granular texture. (c) Dark-coloured minerals within the K-feldspar phenocrysts of the KMO (sample 10DS-2-1),
such as hornblende (Hb). (d) The KMO (sample 10DS-6) with a medium-grained matrix of K-feldspar (Kf), plagioclase (Pl), biotite (Bi), quartz (Qtz), hornblende (Hb), and sphene
(Sph). (e) The CASY (sample 10DS-5-2) showing aegirine–augite (Aeg) and interstitial quartz (Qtz). (f) The ASY (sample 10DS-7) exhibiting microcline with cross-hatch transfor-
mation twinning, aegirine–augite (Aeg), and interstitial quartz (Qtz). All images were taken in cross-polarised light (2.5 × 10).
83J. Mao et al. / Lithos 172–173 (2013) 81–97are thought to be related to separate intrusion events. Recently,
Mao et al. (2011) showed that various granite plutons,widely emplaced
throughout Indosinian subduction and orogeny, represent corresponding
magmatic episodes between the Sibumasu and Indo-China and South
China blocks, and between the North China and Yangtze blocks. Their
work, which has helped to explain the nature of Indosinianmagmatism
in South China, included analyses from the Indosinian Fucheng–
Hongshan, Guikeng and Shiwandashan–Darongshan plutons in the
Wuyi–Yunkai Mountainous Range Belt; from two types of graniticFig. 1. Simpliﬁed geological maps of the study area (age data are from: Chen et al., 2007, 20
2011; Wang et al., 2007a, 2007b; Xie et al., 2006a, 2006b; Xu et al., 2003; Zhang et al., 2004).
Jianfengling pluton (JFL) and Sanya pluton (SY). (b) Tectonic units and major Indosinian gr
Tancheng–Lujiang, 2. Dabieshan, 3. Shaoxing–Pingxiang–Chenzhou–Hepu, 4. Shaowu–He
Hongshan (F–H); Guandimiao (GDM); Guidong (GD); Guikeng (GK); Jinjukou (JJK); Long
Wawutang (WWT); Xiema (XM); Xiaotao (XT); Xiangzikou (XZK); Yangmingshan (YM); Z
2. CASY; 3. ASY; 4. Sampling locations and sample numbers; 5. Zircon LA–ICP–MS U–Pb sa
Korea (after Kim et al., 2011) showing: Imjingang Belt (IB); Gyeonggi Massif (GM); Ogcheo
Basin (GB); and ages of intrusives: 1. Triassic; 2. Middle Jurassic; 3. Late Jurassic; 4. Cretac
Granite; 4. Daegang Granite; 5. Ian Granite; 6. Yeongdeok pluton; 7. Sangju pluton; and 8.plutons inHunan, in the South China InlandBelt; and from the Indosinian
granites of the Sulu–South Korea Belt.
Indosinian A-type granites have now also been observed in eastern
Zhejiang, including the Wengshan pluton in the Suichang area and the
Jingjukou pluton in the Jinhua area (Li et al., 2012a; Sun et al., 2011).
Additionally, syn-orogenic granites with ages of 253 Ma and 240 Ma,
from the Yeongnam Massif and the Gyeongsang Basin of South Korea,
respectively, predate the peak metamorphism associated with collision
of the North China and Yangtze blocks at 230–226 Ma (Kim et al., 2011).11; Li et al., 2006, 2012a; Liu et al., 2010a; Mao et al., 2011; Qiu et al., 2004; Sun et al.,
(a) Location of the study area and Hainan Island showing theWuzhishan pluton (WZS),
anitic plutons and their isotopic ages in South China showing the locations of faults: 1.
yuan; and plutons: Baimashan (BM); Darongshan (DR); Dashuang (DS); Fucheng–
yuanba (LYB); Shiwandashan (SW); Tangshi (TS); Wuliting (WLT); Wengshan (WS);
huguangshan (ZG); and Ziyunshan (ZYS). (c) The Dashuang pluton showing: 1. KMO;
mples; 6. Lithofacies boundary; and 7. Faults. (d) Indosinian granitic plutons in South
n Belt (OB); Ogcheon Metamorphic Belt (OMB); Yeongnam Massif (YM); Gyeongsang
eous. Circled numbers are: 1. Hongseong pluton; 2. Namyang pluton; 3. Yangpyeong
Macheon pluton.
Fig. 3. Zircon sample CL images and locations of laser ablation analyses. (a) KMO
(sample 10DS-2). (b) ASY (sample 10DS-1-1).
Table 1
LA–ICP–MS U–Pb zircon data for samples 10DS-2 and 10DS-1-1 from the Dashuang pluton
ppm Pb ppm Th ppm U 232Th/238U 207r/235
KMO (10DS-2)
10DS-2-1 9.41064 178.1215 114.7165 1.56 0.256408
10DS-2-2 9.03308 218.2153 124.2566 1.75 0.259426
10DS-2-3 7.764388 134.4562 160.0683 0.84 0.262231
10DS-2-4 8.209936 154.1965 90.07722 1.71 0.255818
10DS2-5 15.85436 306.4606 284.2335 1.07 0.288593
10DS-2-6 8.727657 166.5667 139.9942 1.19 0.259682
10DS-2-7 27.55762 443.2318 681.8194 0.65 0.254533
10DS-2-8 23.0143 435.3486 363.1941 1.19 0.260609
10DS-2-9 14.95506 257.6191 218.9808 1.17 0.257287
10DS-2-10 31.04766 736.5452 226.0392 3.37 0.2588
10DS-2-11 16.68359 309.9587 251.8266 1.23 0.258388
10DS-2-12 11.66299 220.4667 212.6313 1.04 0.259628
10DS-2-13 6.028582 122.4593 114.3469 1.07 0.273021
10DS-2-14 15.86995 247.3241 293.0857 0.84 0.259273
10DS-2-15 14.08346 286.4862 206.777 1.38 0.256622
ASY (10DS-1-1)
10DS-1-1-1 8.370589 157.1885 191.8267 0.82 0.051027
10DS-1-1-2 9.843495 175.5661 164.2057 1.07 0.050901
10DS-1-1-3 15.34809 270.2337 325.1533 0.83 0.051085
10DS-1-1-4 28.93203 532.6904 514.5524 1.31 0.050893
10DS-1-1-5 5.017282 83.19546 102.1655 0.82 0.049446
10DS-1-1-6 20.44332 419.1566 326.3619 1.28 0.050041
10DS-1-1-7 15.14686 287.878 257.6222 1.12 0.050662
10DS-1-1-8 28.36836 456.4226 707.5015 1.77 0.050917
10DS-1-1-9 33.31429 583.4136 597.6241 0.97 0.052424
10DS-1-1-0 12.10277 145.6646 176.6302 0.82 0.477867
10DS-1-1-11 4.951012 123.6356 89.08445 1.38 0.053871
10DS-1-1-12 30.213 488.7781 580.8782 0.84 0.052339
10DS-1-1-13 20.81251 380.0239 307.8822 1.23 0.050968
10DS-1-1-14 5.515688 92.29551 164.6377 0.56 0.049632
10DS-1-1-15 71.36547 1294.644 1325.677 0.97 0.051384
10DS-1-1-16 21.6399 420.1835 381.374 1.11 0.050832
10DS-1-1-17 4.247766 77.48985 96.13006 0.85 0.050991
10DS-1-1-18 6.388825 104.4491 140.0196 0.74 0.051114
10DS-1-1-19 43.03773 387.4187 570.69 0.67 0.548607
10DS-1-1-20 5.057177 72.0991 80.27566 0.89 0.05105
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collision occurred between the Palaeo-Paciﬁc plate and the South
China Block (Li et al., 2012b). In this paper, we present new petro-
graphic, geochronological and geochemical data for the Dashuang
pluton in the Jinhua area, eastern Zhejiang. These data are compared
with results from the Sangju and Macheon plutons in South Korea's
Yeongnam Massif and Gyeongsang Basin, to evaluate the case for
the occurrence of collision–extension tectonics. We then review the
spatial and temporal aspects of Mesozoic granites in the Vietnam–
Hainan Island region, and use our ﬁndings to introduce an improved
geodynamic model of Indosinian multi-plates convergence in South
China.2. Geology and petrology
The Dashuang pluton mainly outcrops in Dashuang Village of
Luoshan Township, Jinhua City, eastern Zhejiang. The pluton is approx-
imately 6.6 km long and 5.0 kmwide, covering a total area of 33.5 km2.
It appears predominantly as small stocks elongated in a NE direction
(Fig. 1c), though it forms an apophysis at Lingtou Village of Jinhua
City. The pluton has intruded metamorphic rocks of the Proterozoic
Chencai Formation that are unconformably overlain by volcaniclastic
rocks of the Cretaceous Dashuang Formation. Results of 1:200,000
geological mapping in Zhuji county indicate that the Dashuang pluton
a porphyritic and migmatitic biotite monzonite pluton of Jinningian,
representing metamorphic basement of the Dashuang Formation..
1 s err 206r/238 1 s err 207Pb/235U
(Ma)
1 s err 206Pb/238U
(Ma)
1 s err
0.011196 0.036381 0.000609 231 9.0 230 3.7
0.037044 0.036987 0.000665 234 29.8 234 4.1
0.004683 0.03632 0.000621 236 3.7 229 3.8
0.003649 0.036483 0.000307 231 2.9 230 1.9
0.005073 0.038745 0.000519 257 3.9 245 3.2
0.003686 0.036968 0.000315 234 2.9 234 1.9
0.002502 0.036382 0.000222 230 2.0 230 1.3
0.001804 0.036429 0.000163 235 1.4 230 1.0
0.003678 0.036698 0.000181 232 2.9 232 1.1
0.0036 0.036548 0.000165 233 2.9 231 1.0
0.005088 0.036639 0.000336 233 4.1 231 2.0
0.002151 0.036711 0.000202 234 1.7 232 1.2
0.009881 0.037049 0.0008 245 7.8 234 4.9
0.007623 0.036641 0.000436 234 6.1 231 2.7
0.004299 0.036542 0.00043 231 3.4 231 2.6
0.000515 0.257397 0.003548 232 2.8 231 2.1
0.000447 0.252716 0.002662 228 2.1 228 1.7
0.000435 0.258079 0.003433 233 2.7 231 1.8
0.000305 0.25848 0.002832 233 2.2 233 1.9
0.000579 0.248667 0.003248 225 2.6 231 1.9
0.000632 0.260581 0.007816 235 6.2 233 2.6
0.000543 0.259706 0.005304 234 4.2 234 3.1
0.00021 0.254551 0.00319 230 2.5 229 2.6
0.000219 0.265659 0.002965 239 2.3 232 2.3
0.014875 0.039984 0.000753 396 10.2 252 4.6
0.001305 0.274025 0.007591 245 6.0 234 4.1
0.000492 0.26522 0.003616 238 2.9 232 2.1
0.000764 0.258244 0.004879 233 3.9 232 2.0
0.000988 0.24804 0.006542 224 5.3 227 3.3
0.000181 0.262554 0.003492 236 2.8 234 2.8
0.000361 0.253533 0.003436 229 2.7 229 2.4
0.000621 0.257162 0.003726 232 3.0 232 2.4
0.000658 0.256244 0.003885 231 3.1 230 2.1
0.02053 0.040435 0.000508 444 13.4 255 3.1
0.000816 0.258361 0.004397 233 3.5 233 2.1
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Dashuang pluton: porphyritic K-feldspar quartz monzonite (KMO;
Figs. 1c and 2a) and ﬁne- to medium-grained aegirine–augite quartz
syenite (ASY; Figs. 1c and 2b). The KMO is by far the more widely
represented rock type, while the ASY is localised in the northwest part
of the pluton. Locally, a coarser-grained variety of the aegirine–augite
quartz syenite (CASY) is observed (Fig. 1c) within the pluton.
The KMO is typically pale grey to pink in colour, and contains
large K-feldspar phenocrysts, 2.0–6.5 cm across, that give the rock a
porphyritic texture (Fig. 2a). The K-feldspar phenocrysts, which may
constitute up to 20% of the total rock volume, are set in a mediumma-
trix comprising K-feldspar (60%), plagioclase (20%), quartz (5%–10%),
biotite (5%), hornblende (5%), and accessory magnetite, sphene and
apatite (Fig. 2c). The grain sizes of the matrix minerals range from
2.0 to 4.5 mm. K-feldspar is mainly microcline or perthite, which
shows both Carlsbad and cross-hatched transformation twinning.
Plagioclase forms subhedral crystals that lack compositional zoning,
but have well-developed polysynthetic twins (Fig. 2d). From the
edge to the interior of the pluton, the grain size and the proportions
of microcline and quartz gradually increase, whereas the amounts of
biotite and hornblende decrease. Outcrops of CASY appearing locally
within the KMO are characterised by the presence of coarse-grainedFig. 4. U–Pb zircon concordia diagrams andweightedmean ages for rocks of the Dashuang plut
10DS-1-1.aegirine–augite, and by the comparative paucity of K-feldspar pheno-
crysts and maﬁc minerals (e.g., sample 10DS-5-2, Fig. 2e).
In contrast to the KMO, the ASY is pink in colour, includes aegirine–
augite, and lacks K-feldspar phenocrysts. It consistsmainly of K-feldspar
(50%–60%), oligoclase (20%), quartz (10%–15%), aegirine–augite (5%),
and biotite (b3%), with accessory magnetite, apatite, rutile and zircon.
The grain sizes are mostly from 1 to 3 mm. Quartz has grown intersti-
tially between matrix microcline and plagioclase. Aegirine–augite
shows dark-green to yellow-green pleochroism (Fig. 2f).3. Analytical methods
3.1. U–Pb zircon analyses
Two samples were chosen for dating, one from the KMO (sample
10DS-2) and the other from the ASY (sample 10DS-1-1). For each
sample, zirconswere separatedusing standardheavy liquid andmagnetic
methods at the Regional Investigation Lab, Hebei Province, China. More
than 500 representative grains were handpicked and mounted in epoxy
resin discs, which were then polished, cleaned and gold coated for
analysis.on. (a) KMO sample 10DS-2, (b) ASY sample 10DS-1-1, (c) sample 10DS-2, and (d) sample
Table 2
Concentrations of major (wt.%), trace (ppm) elements in the Dashuang pluton.
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Samples 10DS-2 10DS-2-1 10DS-3-2 10DS-4-1 10DS-3-1 10DS-4-1p 10DS-4-2 10DS-5-1 10DS-6 10DS-5-2 10DS-1-1 10DS-7 10DS-1-2 GSR1refer GSR1 gsr3refer GSR3
Rock types KMO KMO KMO KMO KMO KMO KMO KMO KMO CASY ASY ASY ASY
SiO2 58.93 59.74 60.10 61.32 60.58 60.77 61.20 61.49 62.73 63.87 64.46 64.93
TiO2 1.00 0.95 1.06 0.91 0.96 0.97 0.98 0.83 0.67 0.33 0.45 0.33
Al2O3 16.83 16.61 15.88 15.22 16.00 15.75 15.60 16.33 17.28 17.72 17.11 17.66
Fe2O3 1.63 1.72 2.60 1.53 1.37 1.78 1.86 1.74 1.41 1.51 1.17 0.65
FeO 3.60 3.29 3.29 3.16 3.79 3.36 3.23 2.99 2.03 0.86 2.09 1.45
MnO 0.07 0.07 0.09 0.07 0.08 0.08 0.08 0.07 0.08 0.09 0.15 0.07
MgO 2.53 2.17 2.69 2.27 2.40 2.61 2.56 2.29 1.06 0.23 0.36 0.30
CaO 3.32 3.8 4.27 4.00 4.12 3.56 3.21 3.28 1.94 1.63 1.26 1.05
Na2O 3.29 3.00 3.31 3.15 3.35 3.41 3.11 3.17 3.88 4.85 4.41 4.63
K2O 4.81 5.13 3.49 4.21 3.82 4.09 4.31 5.38 6.51 7.25 7.14 7.41
P2O5 0.46 0.42 0.52 0.47 0.48 0.50 0.47 0.39 0.18 0.07 0.08 0.06
L.O.I. 3.25 2.80 2.51 3.54 2.85 2.93 3.23 1.82 2.13 1.51 1.24 1.37
Total 99.72 99.7 99.81 99.85 99.8 99.81 99.84 99.78 99.9 99.92 99.92 99.91
A/NK 1.59 1.58 1.72 1.56 1.66 1.57 1.60 1.48 1.29 1.12 1.14 1.13
A/CNK 1.01 0.95 0.94 0.89 0.93 0.95 1.00 0.96 1.02 0.94 0.99 1.01
Sc 10.17 10.44 13.94 9.46 10.18 9.50 11.85 9.34 9.28 8.37 6.12 9.33 5.09 6.1 6.47 15.2 15.08
Ni* 17.66 14.85 15.43 14.90 13.04 15.10 14.20 26.42 15.30 4.60 0.17 0.39 0.00 2.3 2.33 140 140.88
Ga 23.42 22.84 25.00 21.65 23.85 22.38 23.68 23.02 21.93 22.53 21.75 23.84 20.79 19 20.22 24.8 24.05
Rb* 82.57 84.76 111.24 105.46 101.24 111.42 113.48 105.63 121.44 108.78 113.69 107.47 106.87 466 469.05 37 37.91
Sr 1142.47 813.05 1012.05 946.46 914.74 948.78 1298.18 808.62 812.72 442.70 106.09 49.25 86.36 106 110.20 1100 1116.21
Ba* 2080.10 2201.64 1025.72 1290.63 1140.47 1298.98 1264.42 1441.56 2084.55 890.86 127.51 82.52 111.52 343 340.51 526 531.53
Zr 482.41 479.57 463.76 307.19 390.27 310.75 318.78 405.63 423.03 643.21 555.15 799.75 512.15 167 170.09 277 278.61
Hf 11.79 11.84 11.96 8.18 9.80 8.23 8.43 10.69 10.92 15.17 13.23 19.47 11.72 6.3 6.48 6.5 6.78
Nb 21.05 19.20 29.79 26.18 26.35 27.81 28.91 29.38 18.26 17.92 13.66 18.46 14.17 40 48.74 68 55.41
Ta 1.18 0.98 2.40 2.05 1.95 2.20 2.28 2.30 1.05 0.74 0.62 0.78 0.59 7.2 7.18 4.3 4.54
Y 25.68 23.33 36.93 29.84 31.34 30.99 32.96 34.31 20.08 23.74 15.58 22.71 12.76 62 63.35 22 22.23
Cs 3.65 4.03 4.75 3.20 5.37 3.30 4.60 4.99 3.14 3.28 1.58 2.19 1.78 38.4 39.93 0.49 0.50
U 2.01 2.03 3.22 3.91 5.19 4.06 3.99 3.01 2.10 2.34 2.12 3.04 1.56 18.8 19.01 1.4 1.47
Th 32.86 25.27 32.55 24.26 23.89 24.10 27.13 26.17 19.53 26.99 30.86 39.81 20.75 54 54.26 6 6.39
Pb 24.57 25.99 26.01 26.52 21.91 26.23 25.54 26.56 27.91 34.04 33.85 34.70 34.04 31 31.30 4.7 4.53
Li* 30.68 27.67 33.22 46.95 34.58 48.66 53.36 47.17 27.31 26.53 5.58 7.48 6.13 131 133.57 9.5 9.54
Be* 2.83 2.45 3.68 3.29 3.66 3.36 4.04 3.34 2.58 1.94 1.50 1.70 1.17 12.4 12.33 2.5 2.53
V* 90.39 86.30 98.73 84.03 87.99 87.60 91.80 86.97 78.37 38.65 5.48 8.54 4.56 24 24.45 167 169.14
Cr* 41.64 40.43 43.74 31.08 33.22 32.82 38.77 34.24 36.00 12.03 2.36 2.01 1.29 5 4.88 134 137.29
Co 13.50 12.54 13.31 12.29 13.40 12.38 13.41 12.74 11.28 5.74 1.58 1.28 1.25 3.4 3.48 46.5 46.72
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Samples 10DS-2 10DS-2-1 10DS-3-2 10DS-4-1 10DS-3-1 10DS-4-1p 10DS-4-2 10DS-5-1 10DS-6 10DS-5-2 10DS-1-1 10DS-7 10DS-1-2 GSR1refer GSR1 gsr3refer GSR3
Rock types KMO KMO KMO KMO KMO KMO KMO KMO KMO CASY ASY ASY ASY
Cu* 14.36 14.08 15.21 14.85 13.52 14.97 12.97 19.28 13.98 8.09 31.92 2.75 3.12 3.2 3.10 48.6 48.96
Zn* 87.11 85.55 96.46 82.39 88.18 80.14 87.15 87.78 80.39 76.47 49.78 76.80 44.99 28 27.65 150 154.19
Tl* 0.56 0.54 0.66 0.69 0.62 0.69 0.73 0.78 0.77 0.69 0.68 0.59 0.58 1.93 2.00 0.12 0.06
Bi* 0.05 0.05 0.07 0.08 0.06 0.08 0.07 0.06 0.05 0.06 0.05 0.09 0.04 0.53 0.53 0.045 0.01
Nb/Ta 17.83 19.60 12.41 12.77 13.51 12.64 12.68 12.77 17.39 24.18 22.03 23.67 24.02
Zr/Hf 41.19 40.6 38.78 37.55 39.82 37.76 37.81 37.94 38.74 42.40 41.96 41.08 43.70
La 194.04 154.73 161.52 101.71 112.42 97.69 122.69 123.83 107.28 177.54 209.46 321.30 167.79 54 54.73 56 55.63
Ce 310.17 262.03 299.68 201.02 219.53 204.79 239.10 241.22 194.35 310.40 354.66 510.90 275.87 108 110.32 105 105.07
Pr 31.30 27.26 32.98 24.42 25.66 25.00 28.15 28.48 21.89 33.88 38.08 56.33 30.47 12.7 13.18 13.2 13.39
Nd 99.53 88.00 113.12 86.49 89.06 88.29 98.81 99.17 72.63 111.47 119.80 188.45 95.95 47 40.03 54 70.53
Sm 13.96 12.46 18.38 14.58 14.84 14.78 16.51 16.33 10.67 16.46 15.56 22.39 12.44 9.7 10.11 10.2 10.41
Eu 2.59 2.47 3.19 2.71 2.61 2.82 2.98 2.79 2.14 2.49 1.48 1.52 1.85 0.85 0.88 3.2 3.30
Gd 9.88 8.65 13.40 10.21 10.40 10.63 11.49 11.53 7.45 10.76 9.51 14.22 7.60 9.3 9.40 8.5 8.68
Tb 1.14 1.03 1.62 1.29 1.32 1.34 1.44 1.45 0.87 1.20 0.93 1.38 0.75 1.65 1.68 1.2 1.22
Dy 5.40 4.89 7.89 6.26 6.39 6.37 6.93 7.08 4.19 5.32 3.76 5.87 3.03 10.2 10.44 5.6 5.71
Ho 1.00 0.92 1.46 1.16 1.22 1.18 1.30 1.36 0.77 0.96 0.64 0.98 0.53 2.05 2.09 0.88 0.90
Er 2.64 2.39 3.83 3.00 3.17 3.10 3.32 3.52 2.02 2.43 1.66 2.59 1.35 6.5 6.57 2 2.05
Tm 0.37 0.33 0.55 0.43 0.45 0.44 0.46 0.50 0.30 0.34 0.24 0.35 0.20 1.06 1.08 0.28 0.27
Yb 2.35 2.00 3.43 2.68 2.85 2.79 2.93 3.19 1.97 2.15 1.56 2.26 1.32 7.4 7.51 1.5 1.48
Lu 0.36 0.31 0.50 0.39 0.42 0.40 0.42 0.47 0.31 0.34 0.25 0.37 0.21 1.15 1.16 0.19 0.19
REE 596.25 498.67 578.22 396.04 427.63 399.14 466.63 471.13 372.47 582.19 651.45 958.92 517.58
LREE/HREE 24.77 23.30 16.69 14.58 15.31 14.21 15.49 15.19 19.83 23.77 34.12 33.22 33.53
δEu 0.64 0.69 0.59 0.64 0.61 0.66 0.63 0.59 0.70 0.54 0.34 0.24 0.54
Q 10.33 11.25 15.01 15.74 13.79 13.99 16.34 11.91 9.46 5.13 7.49 6.44
Or 29.49 31.31 21.22 25.86 23.31 24.97 26.39 32.52 39.38 43.58 42.8 44.48
Ab 28.82 26.17 28.75 27.64 29.2 29.75 27.21 27.38 33.54 41.65 37.77 39.71
An 14.28 16.92 18.62 15.48 17.83 15.21 13.64 14.30 8.77 5.19 5.82 4.93
Ne 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Di 0.00 0.00 0.02 1.85 0.29 0.00 0.00 0.00 0.00 1.26 0.04 0.00
Hy 10.43 8.88 9.27 8.28 10.57 10.08 9.65 8.89 4.35 0.00 6.66 4.98
Mt 2.45 2.57 3.87 2.3 2.05 2.66 2.79 2.58 2.09 2.14 1.72 0.96
Il 1.97 1.86 2.07 1.80 1.88 1.90 1.93 1.42 1.30 0.64 0.87 0.64
Hem 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Ap 1.04 0.95 1.17 1.07 1.08 1.13 1.06 0.87 0.4 0.16 0.18 0.13
C 1.18 0.09 0.00 0.00 0.00 0.3 1.01 0.15 0.7 0.00 0.00 0.22
Note: KMO, K-feldspar phenocryst-rich monzonite; CASY, medium to coarse-grained aegirine–augite-bearing syenite; ASY, medium to ﬁne-grained aegirine–augite syenite. The data of elements with * are only for references. 10DS-4-1p is
the 10DS-4-1 parallel sample. GSR1refer, GSR3refer and GSR1, GSR3 are respectively reference values and determinative values.
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Fig. 5. (a) SiO2 vs. Na2O + K2O classiﬁcation diagram of igneous rocks (after Le Bas et al.,
1986). (b) SiO2 vs. K2O + Na2O–CaO diagram (after Frost et al., 2001) for the Dashuang
pluton. Samples are denoted by symbols: hollow circles (KMO), triangles (ASY), and
solid circles (CASY).
88 J. Mao et al. / Lithos 172–173 (2013) 81–97U–Pb zircon analyses were performed using the Finnigan Neptune
MC–ICP–MS and Newwave UP 213 laser ablation system at the
Institute of Mineral Resources, Chinese Academy of Geological Sci-
ences, Beijing, China. U/Pb ratios were corrected using analyses of the
standard zircons GJ-1 and M127 (U = 923 ppm, Th = 439 ppm and
Th/U = 0.475; Nasdala et al., 2008). The 2σ errors in standard calibra-
tion for 207Pb/206Pb, 206Pb/238U, and 207Pb/235U were all approximately
2%, and 1% for analyses of the zircon standard. Data were reduced using
the ICP–MSDataCal software of Liu et al. (2010b), and concordia diagrams
were generatedusing the Isoplot 3 software. CommonPbwasdetected by
multi-ion-counters, and analyses showing 206Pb/204Pb > 1000 received
no common lead correction; the anomalous 204Pb was removed from
the age calculations. Details of the measurement procedure have been
described by Hou et al. (2009).
3.2. Element geochemistry
The major element compositions of 12 samples from the Dashuang
pluton were analysed at the Huadong Mineral Resources Supervision
and Testing Center, Ministry of Land and Resources, Nanjing, China.
Major element oxides were determined by X-ray ﬂuorescence (XRF)
on fused glass discs using a Rigaku ZSX100e spectrometer, with an
analytical precision within 2%–3%. The total iron oxide content (FeOt)
was determined titrimetrically using the standard method. Trace ele-
ment analyses were performed using ICP–MS (ELEMENT) at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China, following Zhou et al. (2005). Analytical precision was generally
within 5%.
3.3. Rb–Sr and Sm–Nd isotope geochemistry
Six samples for Sr–Nd analysis were spiked with 84Sr, 87Rb, 150Nd
and 147Sm tracers and then dissolved in Teﬂon bombs using HF–HNO3
with a ratio of 2:1. The Rb, Sr, Sm and Nd were separated using con-
ventional ion exchange procedures and measured using a Finnigan
MAT 262 multi-collector mass spectrometer at the Institute of Geolo-
gy and Geophysics, Chinese Academy of Sciences, Beijing, China. Pro-
cedural blanks were b100 pg for Sm and Nd, and b500 pg for Rb and
Sr. The 143Nd/144Nd ratios were corrected for mass fractionation
by normalisation to 146Nd/144Nd = 0.7219, and the 87Sr/86Sr ratios
were normalised to 86Sr/88Sr = 0.1194. Within-run precision (2σ
mean) for Sr and Nd was ± 0.000015. During analysis, measure-
ments of the NBS-607 Sr standard yielded 87Sr/86Sr = 1.20042 ± 2
(2σ, n = 12). Those for the La Jolla and BCR-1 Nd standards gave
143Nd/144Nd ratios of 0.511853 ± 7 (2σ, n = 3) and 0.512604 ± 7
(2σ, n = 3), respectively.
4. Zircon U–Pb geochronology
Zircons from both of the Dashuang pluton samples, KMO (10DS-2)
and ASY (10DS-1-1), are transparent and colourless. However, they
exhibit well-developed oscillatory zoning when examined under
cathodoluminescence (Fig. 3a and b). They also have high Th/U ratios
ranging from 0.56 to 1.75, with the majority being >1. These features
(i.e., oscillatory growth zoning and Th/U > 0.4) are indicative of a
magmatic origin (Rubatto, 2002). All analytical U–Pb data are
shown in Table 1. Errors are reported as 1σ unless stated otherwise.
Fifteen zircons from the KMO sample 10DS-2 were analysed. Four-
teen grains yielded 206Pb/238U and 207Pb/235U ages that plot on or
close to the concordia curve (Fig. 4a), with a weighted mean age of
231.6 ± 0.86 Ma (MSWD = 0.4, Fig. 4c). The exception was grain
spot #5 with a slightly discordant 206Pb/238U age of >245 Ma.
Twenty zircons from the ASY sample 10DS-1-1 were analysed, with
18 of them yielding concordant U/Pb ratios (Fig. 4b). These 18 analyses
give a weighted mean age of 231.7 ± 1.1 Ma (MSWD = 0.64, Fig. 4d),
identical to the date obtained for zircon from the KMO (see above). Twoof the analyses, spots #10 and #19, gave discordant 206Pb/238U ages of
>245 Ma and >255 Ma, respectively. Given that the closure tempera-
ture of zircon is high (>900 °C; Lee et al., 1997), the ubiquitous ages
of ~232 Ma for unaltered zircon from both samples is strong evidence
that theDashuang plutonwas emplaced during the IndosinianOrogeny.
5. Geochemical characteristics
The results of major and trace element analyses, for eight samples
of KMO, three samples of ASY, and one sample of CASY, are shown in
Table 2. For convenience in evaluating the accuracy of the analyses,
parallel samples and reference values of trace elements measured in
the laboratory are listed together.
5.1. Major elements
The SiO2 contents in the Dashuang pluton vary considerably, and are
lower in the KMO samples (58.93%–62.73%) than in the ASY and
CASY samples (63.87%–64.93%). All of the rocks have high total alkali
contents (K2O + Na2O = 6.80%–12.10%), though the KMO tends to be
the least alkaline (K2O + Na2O = 6.80%–8.55%). Four of the KMO
rocks are alkaline, and the rest are calc-alkaline, showing an evolutionary
trend towards the alkaline series (Fig. 5a and b). In general, the ASY and
CASY are inferred to have formed during the later stages of pluton em-
placement, as they show higher total alkali contents (K2O + Na2O =
10.39%–12.10%) and are all classiﬁed as alkaline rocks (Fig. 5a and b).
This pattern is consistent with the normative quartz calculations,
which show higher amounts of quartz in the KMO (10.33%–16.34%)
than in the quartz syenite (5.13%–9.46%; Table 2). KMO and ASY
have aluminium saturation index (A/CNK) values of 0.89–1.02
and 0.94–1.01, respectively, and are almost metaluminous (where
A/CNK = Al2O3/CaO + Na2O + K2O, Fig. 6a). The Al2O3 contents
are slightly higher in the ASY and CASY (17.11%–17.72%) than in
89J. Mao et al. / Lithos 172–173 (2013) 81–97the KMO (15.22%–16.83%). The KMO samples are also characterised by
relatively high MgO + Fe2O3 + TiO2, and show decreasing Al2O3, FeO,
MgO, CaO, P2O5, and TiO2 with increasing SiO2 (Figs. 6b and 7). Howev-
er, Na2O contents show little change as SiO2 increases. Such patterns
suggest that quartz and K-feldspar were enriched during the later
stages of fractional crystallisation of these rocks. In contrast, Al2O3 and
Na2O contents in the ASY and CASY samples are observed to increase
proportionally with increasing SiO2 (Fig. 7a and e).
5.2. Trace elements
The rock types of the Dashuang pluton have high concentrations of
REE, with distribution patterns indicating apparent fractionation
between the LREE and heavy REE (HREE), and the relative enrichment
of LREE. In the KMO samples, REE abundances vary from 396 to
596 ppm (average of 479 ppm) with ΣLREE/ΣHREE ratios of 14–25,
indicating the enrichment of LREE. They show moderate negative Eu
anomalies with Eu/Eu* = 0.54–0.70 (average of 0.51).
The ASY samples have even higher REE values of 517–958 ppm
(average of 709 ppm). They also have ΣLREE/ΣHREE ratios of 33–34,
again indicating signiﬁcant enrichment in LREE, and stronger nega-
tive Eu anomalies with Eu/Eu* = 0.24–0.54 (average of 0.37). The
REE patterns for the CASY samples are indistinctive, falling more or
less in between the other two rock types. Chondrite-normalised REE
plots of all samples show right-dipping oblique trends and slightly
depleted Eu, despite differences in element contents (Fig. 8a and b).
All rocks show similar primitive mantle-normalised trace element
patterns (Fig. 8c and d). In particular, Nb, Sr, P, and Ti are depleted,
while Rb, K and the radioactive heat-producing elements Th and UFig. 6. (a) Plot of aluminiumsaturation indices, A/CNKvs. A/NK, and (b)MgO + FeO + TiO2
vs SiO2. Symbols are as in Fig. 5.are enriched (Fig. 9a). The KMO samples have lower values for Sr,
Ba, Eu, Nb, Ta, Cs, Y, Rb, Hf, and Zr, and for the transition elements
Cr, Ni, Co, V, and Sc, than the ASY and CASY. The quartz syenites are
comparatively enriched in Zr, La, and Hf (Fig. 9b and e), though
they also have low Ta, Sr, Ba, Eu, and transition element contents.
Contents of Sr, Ba, Eu, and Yb in the KMO show a negative correlation
with SiO2 (Fig. 9 c, d, f, and g).
5.3. Sr and Nd isotope analyses
Sr and Nd isotope analyses are shown in Table 3. The initial Sr and
Nd ratios, and the two-stage depleted mantle Nd model ages (T2DM),
were calculated assuming a formation age of 232 Ma. Based on this
age, analyses of the KMO samples yielded initial 87Sr/86Sr ratios rang-
ing from 0.71097 to 0.71112, εNd(t) values from −9.9 to −11.5, and
T2DM ages from 2.03 to 1.91 Ga.
In comparison, the ASY samples gave lower initial 87Sr/86Sr ratios
ranging from 0.70952 to 0.71047, higher initial εNd(t) values ranging
from −8.1 to −8.3, and younger crustal residence ages T2DM of 1.78
to 1.76 Ga. The lower initial 87Sr/86Sr ratios and younger Nd model
ages, and higher initial εNd values for the ASY suggest that they
were derived mainly from the upper mantle (Fig. 10a; Jahn et al.,
2000).
6. Petrogenetic constraints
Although it is well known that syenites represent alkaline igneous
activity involving magma fractionation, their genesis is nevertheless
obscure and may relate to several processes. For example, syenite
compositions have been explained by: melting of crustal rocks
due to an inﬂux of volatiles (Lubala et al., 1994); partial melting of
metasomatised upper mantle (Sutcliff et al., 1990); fractionation of al-
kali basaltic magmas (Brown and Becker, 1986); and magmatic mixing
with subsequent differentiation of hybrid liquids (Litvinovsky et al.,
2002; Zhao et al., 1995). The assimilation of silica-undersaturated
mantle-derived alkaline magmas with deep-seated continental crust
above zones of maﬁc underplating may also explain the cogenesis of
silica-undersaturated and oversaturated syenites (Jung et al., 2005).
For KMO samples, the Sr–Nd results, combined with 60 wt.% SiO2,
approximately 1000 ppm Sr, 2000 ppm Ba, 400 ppm Zr, and 200 ppm
La are indicative of KMO having originated from upper-mantle-derived
melts and having been contaminated by local Proterozoic basement
rocks (Fig. 10a; Jahn et al., 2000). On the other hand, the major and
trace element chemistry of the ASY is inconsistent with mixing of the
granitic magmaswith Emeishan ﬂood basalts from asthenosphericman-
tle (Mao et al., 2011; Xu et al., 2001; Fig. 10b). Moreover, there are no
Indosinian basalts in the study area, and petrographic and chemical
characteristics of the quartz syenites do not support crustal assimilation
of basaltic magmas, as demonstrated by plots of 87Sr/86Sri vs. SiO2
(Fig. 11d). Thus, our favoured interpretation is that the quartz syenites
weremost likely formed through fractional crystallisation of an enriched
mantle-derived alkaline magma (Fig. 10b).
6.1. Evidence for fractional crystallisation
The fractional crystallisation of hornblende, biotite and ilmenite in
the KMO is indicated by relatively low FeO + MgO + TiO2 in samples
with high SiO2 concentrations (Fig. 6b). The contents of Al2O3, CaO
and P2O5 also tend to be low when SiO2 is high, whereas Na2O exhibits
very little change across the sample range, suggesting fractional
crystallisation of plagioclase and apatite (Fig. 7a, d and g). In contrast,
ASY and CASY samples show an increase in SiO2 content that is correlat-
ed with higher concentrations of Al2O3 and Na2O, and is clearly related
to the growth of aegirine–augite and feldspars (Fig. 7a and e).
Trace element characteristics supporting the successive separation
of plagioclase, K-feldspar, biotite, hornblende, apatite, ilmenite, and
Fig. 7. Major elements vs. SiO2 (wt.%) for the Dashuang pluton: (a) Al2O3, (b) FeO, (c) MgO, (d) CaO, (e) Na2O, (f) K2O, (g) P2O5, and (h) TiO2. Symbols are as in Fig. 5.
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Fig. 8. Chondrite-normalised REE plots (a and b) and primitive mantle-normalised trace element spidergrams (c and d) for the Dashuang pluton. Primitive mantle- and
chondrite-normalising values are from McDonough and Sun (1995) and Sun and McDonough (1989), respectively. Symbols are as in Fig. 5.
91J. Mao et al. / Lithos 172–173 (2013) 81–97other minerals, in the KMO include: (1) both Sr and Ba are negatively
correlated with Rb (Fig. 11a and b); (2) Sr is negatively correlated
with the Rb/Sr ratio, but positively correlated with Ba (Fig. 11c); and
(3) there are anomalously low Eu, Sr, Ba, P, Ti and Ca abundances for
samples with high Rb/Sr ratios (Fig. 8c and d). These geochemical
patterns are consistent with an increasing abundance of K-feldspar
phenocrysts, and decreasing proportions of maﬁc minerals, observed
from the outer to inner parts of the Dashuang pluton. Further evidence
that the parentalmagmas of theKMOunderwent fractional crystallisation
includes the linear relationship between 87Sr/86Sri ratios and SiO2
(wt.%; Fig. 11d). The initial 87Sr/86Sr ratios decrease with increasing
SiO2 in the KMO and ASY samples (Table 3). Although the quartz
syenitesmay have experienced some degree of fractional crystallisation
of feldspar, biotite and plagioclase, our evidence for this obtained from
theASY andCASY samples remains inconclusive (Fig. 11c). Composition-
al differences between the two types of quartz syenites were potentially
controlled by source heterogeneities, the degree of melting, crustal
contamination, or crystal fractionation (Fig. 11a–c).
6.2. Nb/Ta systematics, nature of the source rocks and tectonic setting
Niobium is generally depleted in silicate Earth relative to Ta and the
other highly incompatible elements (Pfänder et al., 2012). Experimen-
tally determined mineral–melt partition coefﬁcients, detection values
of Nb in iron meteorites, and the systematic differences of Nb/Ta and
Zr/Hf ratios between Earth silicates and chondrites (Münker et al.,
2003) all point towards a hidden Nb reservoir within the mantle or
core. In terrestrial rocks, Nb/Ta and Zr/Hf ratios are variable, and they
deviate widely from the standard chondritic values of 19.9 and 34.3, re-
spectively (Münker et al., 2003). Variation in mantle Nb/Ta and Zr/Hf
ratios arise from depletion and enrichments processes, such as partial
melting and subduction, which have inﬂuenced mantle chemistry
throughout Earth's tectonic history (Pfänder et al., 2007). Nb/Ta ratioshigher than those for the continental crust of 12–13 (Barth et al.,
2000), or Bulk Silicate Earth (BSE) of 14.0 ± 0.3 (Münker et al., 2003),
imply Nb enrichment of the mantle due to crustal recycling through
subduction. Even Archaean greenstones are noted as having Nb/Ta
ratios that are very similar to those of modern oceanic island (OIB)
and mid-ocean ridge basalts (MORB). Most granitic rocks associated
with the melting of continental crust have low Nb/Ta ratios. However,
oneway that high Nb/Ta ratios are achieved is through the partial melt-
ing of eclogite (Pfänder et al., 2007).
Several samples from the Dashuang pluton show unusually high
Zr/Hf ratios that exceed the average chondritic value of 34.3 (Table 2).
In general, the Zr/Hf ratios in KMO samples decrease with increasing
SiO2 contents, reﬂecting the fractional crystallisation of accessory
ilmenite, zircon and rutile. The solubility of zircon and rutile is inﬂuenced
bymelt composition. Fractional crystallisation of theseminerals can lead
to diminished Zr/Hf ratios in metaluminous or peraluminous calc-
alkaline melts, whereas the Zr/Hf ratios may be elevated if the
melts are alkaline and depolymerised (Linne and Kapper, 2002). Thus,
the higher Zr/Hf ratios in the ASY and CASY samples could suggest
depolymerisation of alkaline melts during a later stage.
The average Nb/Ta ratio for the KMO samples is 14.8, with a maxi-
mum of 19.6 (sample 10DS-2-1), implying that Nb is slightly enriched
in these rocks compared with the continental crust and BSE. Moreover,
three of the ASY samples, and one of the CASY, revealed Nb/Ta ratios
that are greater than the average chondritic values (Table 2). While
fractional crystallisation of clinopyroxene can modify Nb/Ta ratios, the
Nb/Ta ratios are always less than 1%, indicating negligible modiﬁcation
(Pfänder et al., 2007). This further indicates that the KMO, ASY, and
CASY did not evolve simply by co-magmatic differentiation. As men-
tioned above, it seems probable that the KMO magma originated from
the upper mantle and was contaminated by Proterozoic metamorphic
rocks (Fig. 10a), and then evolved by fractional crystallisation of plagio-
clase, K-feldspar, biotite and hornblende (AFC, Fig. 11). The ASY and
Fig. 9. Plots for the Dashuang pluton of SiO2 (wt.%) vs. various elements: (a) Rb, (b) Zr, (c) Sr, (d) Ba, (e) La, (f) Eu, and (g) Yb (ppm). Symbols are as in Fig. 5.
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partial melting of enriched-mantle-derived alkaline magma with minor
assimilation of crustal materials. Subsequent extensional processes
affected the crust, resulting in reduced assimilation in the CASY and
ASY. Similar relationships for co-existing syenites and A-type granites
have been described in the Damara Belt of Namibia (Jung et al., 2005).
Alkaline igneous rocks are found in almost all tectonic settings
except for mid-ocean ridges, particularly in continental rift valleys
or divergent continental margins, oceanic and continental intraplate
settings, and subduction zones (Fitton and Upton, 1987). This is
suggested by their FeO/MgO ratios, and high Rb and Nb contents in
all rocks of the Dashuang pluton, which is consistent with emplace-
ment in an intraplate extensional regime (Fig. 12a and b).
7. Tectonic signiﬁcance
Mao et al. (2011) have demonstrated that Indosinian granites in the
South China Inland Belt and theWuyi–Yunkai Mountainous Range Beltare related to the collision between the Sibumasu and the Indochina
blocks, whereas those in the Sulu–South Korea Belt are linked to the
collision between North China and the Yangtze Block. Two important
points to consider are: (1) the tectonic signiﬁcance of Indosinian
magmatism along the East Asian continental margin and Zhejiang–Fujian
coastal region, and (2) whether the collision between the Indochina and
South China blocks affected the southeast coastal region of China.
7.1. Early Indosinian collisional granites in South Korea
Of the granitic rocks in South Korea, 65% were emplaced during
the Daebo Period of the Early to Middle Jurassic, and these outcrop
over one third of the country's land area. A further 20% belong to the
Bulkuksa Period of the Cretaceous–Palaeogene, 10% belong to the
Songrim Period of the Permian–Triassic, and 5% are Precambrian
(Fig. 1d). Dating of South Korea's granites by SHRIMP U–Pb zircon
geochronology has yielded three Indosinian age groups: 232–226 Ma,
227–226 Ma, and 240–228 Ma respectively in the three tectonic units
Table 3
Sr–Nd isotopic data of the Dashuang pluton.
No. Sample Rock types Ages Rb (10−6) Sr (10−6) 87Rb/86Sr 87Sr/86Sr (2σ) (87Sr/86Sr)I SiO2 (wt.%)
1 10DS-2 KMO 232 113.8 1298 0.2539 0.711962 0.000012 0.711124 58.93
2 10DS-3-2 KMO 232 120.2 1037 0.3354 0.712167 0.000013 0.711060 60.10
3 10DS-4-1 KMO 232 124.4 1062 0.3392 0.712086 0.000008 0.710967 61.32
4 10DS-5-1 KMO 232 125.3 889.0 0.4082 0.712370 0.000009 0.711023 61.20
5 10DS-1-1 ASY 232 121.0 110.3 3.179 0.720960 0.000012 0.710470 63.87
6 10DS-7 ASY 232 114.0 48.02 6.890 0.732251 0.000012 0.709516 64.46
No. Sample Rock types Ages Sm (10−6) Nd (10−6) 147Sm/144Nd 143Nd/144Nd 2σ εNd(t) T2DM
1 10DS-2 KMO 232 13.98 104.20 0.0812 0.511875 0.000015 −11.5 2.03
2 10DS-3-2 KMO 232 17.51 116.5 0.0910 0.511969 0.000011 −9.9 1.91
3 10DS-4-1 KMO 232 13.64 84.37 0.0979 0.511918 0.000013 −11.1 2.00
4 10DS-5-1 KMO 232 16.03 103.00 0.0942 0.511924 0.000009 −10.9 1.98
5 10DS-1-1 ASY 232 14.74 125.16 0.0713 0.512024 0.000013 −8.3 1.78
6 10DS-7 ASY 232 17.31 130.78 0.0801 0.512046 0.000010 −8.1 1.76
Note: TDM = (1 / λ) {1 + [(143Nd/144Nd)]m − (143Nd/144Nd)DM − ((147Sm/144Nd)m − (147Sm/144Nd)c) (eλt − 1)} / [(147Sm/144Nd)c − (147Sm/144Nd)DM], calculated using a
two-stage model (Chen and Jahn, 1998). m, c, and DM represent the measured fSm/Nd values, the average continental crust, and depleted mantle samples, respectively. The
decay constant λ = 6.54 × 10−12 a−1. t represents the crystallisation age. (147Sm/144Nd)DM = 0.2136; (143Nd/144Nd)DM = 0.513151; (147Sm/144Nd)c = 0.118.
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from the Gyeonggi Massif, the Ogcheon Belt, and the Yeongnam
Massif, respectively (Fig. 1d). The representative rocks include gabbro,
monzodiorite, monzonite, syenite, and granite in the Gyeonggi Massif;Fig. 10. Diagrams of (a) εNd(t) vs. T/Ma and (b) εNd(t) vs. (87Sr/86Sr)i for the Dashuang
pluton: The data for the potassic–ultrapotassic rocks from South Africa, Central Italy
and Australia are from Congticelli and Peccerillo (1992); those for the Triassic granites
in South China are from Mao et al. (2011); those for the Late Permian Emeishan basalt
in the western Yangtze Block are from Xu et al. (2001); and those for the Proterozoic
metamorphic rocks are from Jahn et al. (2000). Symbols are as in Fig. 5.quartz monzodiorite, granite, and alkali granite in the Ogcheon Belt; and
granite–granodiorite and minor monzodiorite in the Yeongnam Massif.
The transition from gabbro, monzonite and syenite in the Gyeonggi
Massif, to younger alkali granite in the Ogcheon Belt, suggests a typical
post-collision orogenic magmatic combination (e.g., the Himalayan and
Hercynian orogenic belts; Chung et al., 2005; Sylvester, 1998).
In contrast, the Sangju andYeingdeokplutons in the YeongnamMassif
are dated at 253 Ma and 240–239 Ma, respectively (Kim et al., 2011; Yi
et al., 2010); thus, they are older than the peakmetamorphism associated
with collision of the North China and Yangtze Blocks at 230–226 Ma.
Plutons of the YeongnamMassif are typically metaluminous I-type gran-
ites that range from monzodiorite to granodiorite and have medium-
to high-potassium calc-alkaline compositions (e.g., the Sangju pluton,
Fig. 1d). They may also have a foliation, and be discriminated by their
Rb, Y and Nb contents as syn-collision granitic rocks (Pearce, 1996).
Granodioritic rocks from the Sangju pluton show initial 87Sr/86Sr
ratios ranging from 0.7096 to 0.7105, εNd(t) values between −10.8
and −12.8, and a T2DM age of 1.45 Ga. By comparison,
monzodiorites of the Macheon pluton (i.e., Yeongnam Massif, Fig. 1d)
show initial 87Sr/86Sr ratios between 0.7065 and 0.7066, εNd(t) from−
3.6 to −4.3, and T2DM of 1.30–1.07 Ga (Kim et al., 2011). Five rocks
from the Macheon pluton yield an average Nb/Ta ratio of 19.5, which is
close to that for chondrites (Kim et al., 2011). The parental magmas
are, therefore, inferred to have formed by mixing between enriched
mantle-derived maﬁc magma and Proterozoic crust prior to fractional
crystallisation. These rocks represent magmatic activity associated with
the early stages of collision following subduction of the Palaeo-Paciﬁc
plate beneath the East Asian continental margin (Kim et al., 2011).
7.2. Indosinian granites in South China and surrounding areas
Southeast Asia is made up of several post-Gondwana continental
blocks (i.e., South China, Indochina, Sibumasu, Changdu–Simao and
Lhasa–Western Myanmar) that were amalgamated with the Asian
continent episodically from the Late Palaeozoic through to the Early
Mesozoic. In Vietnam, collision of the Sibumasu and Indochina Blocks
occurred in Permian–Triassic times, representing the Indosinian
Orogeny as originally named by Depart (1914) and Fromagat
(1932). Of particular interest, the spatial and temporal relations of
the granites on Hainan Island (separated from the Chinese mainland
by the Qiongzhou Strait) are distinct from those of South China, but
are similar to those in Vietnam (Table 4).
7.2.1. South China
Granitic rocks are widely distributed in South China, outcropping
over a total area of approximately 170,000 km2. Of these, around 6%
Fig. 11. Fractional crystallisation diagrams for the Dashuang pluton: (a) Rb vs. Ba; (b) Rb vs. Sr, (c) Sr vs. Ba; and (d) (87Sr/86Sr)i vs. SiO2 (wt.%). Partition coefﬁcients are from
Rollinson (1993) and symbols are as in Fig. 5.
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Palaeozoic, 12% are Triassic, 37% are Jurassic, and 30% are Cretaceous
(Sun et al., 2005). Hence, the vast majority (79%) of the granites in
South China are Mesozoic. Magmatic activity during the Mesozoic
may be divided into three broad periods and six stages (Mao et al.,
2009, 2011; Sun et al., 2005; Ye et al., 2012), in which the IndosinianFig. 12. Tectonic discrimination diagrams: (a) FeOt/MgO vs. SiO2 (wt.%) (after Whalen
et al., 1987) and (b) Rb vs. Y + Nb (after Pearce, 1996). Symbols are as in Fig. 5.granite ages in the South China Inland Belt and the Wuyi–Yunkai
Mountainous Range Belt are concentrated around two peaks at
243–233 Ma and 224–204 Ma (Table 4; Mao et al., 2011).
7.2.2. Hainan Island
A little over a third of Hainan Island is made up of granite covering
an area of approximately 12,400 km2. Around 68% of the granites are
Permian–Triassic in age, whereas 22% are Cretaceous. Ten percent are
pre-Carboniferous. Compared with South China, there is only a small
amount of Jurassic granite currently recognised on the island, supported
by a SHRIMP U–Pb age of 151 ± 2 Ma (Xie, unpublished data). The
southeast part of the island is occupied by volcanic rocks of the late
Early Cretaceous (Table 4, Li et al., 2006; Ma et al., 1991; Xie et al., 2005,
2006a, 2006b).
7.2.3. Vietnam
Granites in Vietnam's northern Dienbien and central Kontum
regions are Permian–Triassic in age, whereas those in the southern
region of Dalat are Cretaceous (Table 4, Carter et al., 2001; Lan et al.,
2000, 2003; Nagy et al., 2001; Nakano et al., 2004; Nam et al., 2001;
Nguyen et al., 2004; Owada et al., 2007). The oldest Permian granites
are represented by I-type granitoids that have εNd(t) values ranging
from −4.7 to −9.7, and are thought to have been intruded in an
active continental margin similar to the granitic associations in the
Heluo–Zhizhong region of Hainan Island. Those emplaced later in
the Permian have features associated with S-type granites, and are
similar to the peraluminous granites in the Qiongzhong region,
Hainan Island (Table 4; Lan et al., 2000, 2003; Owada et al., 2007).
7.2.4. Regional synthesis
Several regional inferences can be made by comparing the Late
Palaeozoic–Mesozoic granites of South China, South Korea, Hainan
Island, and Vietnam. First, while Permian granites are rare in South
China, they are nevertheless widespread on Hainan Island and in
Vietnam. These are peraluminous, locally deformed, and thought to
Table 4
The Mesozoic magmatic activity characteristics in Vietnam, Hainan Island and South China.
Times Vietnam Hainan Island South China
P1–2 Dienbien complex rocks, Northern Vietnam:
I type granites: 286–272 Ma①.
Northwestern Hainan Island:
I-type gabbro–diorite–tonalite–granodiorites:
299–282 Ma⑤.
P3 Plei Manko pluton from Kontum, Central Vietnam:
S-type garnet granite and orthopyroxene granite:
260–250 Ma②, with weak schistocity.
Central Hainan Island:
S-type garnet granite, gneissic granites: 278–270 Ma②;
shoshonitic quartz diorite–monzonite: 272 ± 7 Ma②;
I-type granodiorite–monzogranites: 267 ± 3 Ma,
262 ± 3 Ma②; with the gneissic structure.
T1–2 Dienbien complex rocks, Northern Vietnam:
I-type diorite–granodiorite–granite:
240.4 ± 2.8 Ma④.
I-type high-K calc-alkaline granite: 249 ± 5 Ma②;
acmite syenite:244 ± 7 Ma②.
South China Inland:
S-type peraluminous granites and the weakly
peraluminous granites: 243–233 Ma②③.
T3 A-type granites 239 ± 3 Ma, 221 ± 4 Ma②. S-type weakly peraluminous–metaluminous
granites: 224–204 Ma②③.
J1 Four rock types, Central Nanling Mountains:
187–170 Ma②③.
J2 Weakly peraluminous granites: 168–150 Ma②④
J3–K1 I type granites: 147–124 Ma.②③
K1–2 Dalat Belt, Southern Vietnam:
I-type diorite–granodiorite–monzogranite 110 Ma,
96–88 Ma①.
Southeastern Hainan Island:
I-type granodiorite–monzonitic granite–alkali–feldspar
granites: 111–87 Ma②.
Southeastern China Coast
I-type gabbro–granodiorite–granite and A type
alkaline granites: 124–87 Ma②③.
Note: The data of Vietnam are from Lan et al. (2000, 2003), Owada et al. (2007), Carter et al. (2001), Nagy et al. (2001), Nakano et al. (2004), Nam et al. (2001), Nguyen et al. (2004).
The data of Hainan Island are from Li et al. (2006), Ma et al. (1991), Xie et al. (2005, 2006a, 2006b). The data of South China are from Mao et al. (2009, 2011), Sun et al. (2005), Ye
et al. (2012). Methods of age dating: ① zircon U–Pb, ② zircon SHRIMP U–Pb, ③ zircon LA–MC–ICP–MS U–Pb, ④ Ar–Ar, and ⑤ Rb–Sr isochrons.
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around 299–282 Ma and 278–260 Ma. Second, Early–Middle Triassic
granites are common in Vietnam, Hainan Island, and inland South
China; again, these granites may be locally deformed, though the strain
intensity varies. Third, Jurassic granites, especially those emplaced at
around 168–150 Ma, are mainly distributed in South China and South
Korea, and are generally not deformed, and they are not found in
Vietnam, with just a few recognised in Hainan Island. Lastly, the entire
marginal region of the East Asian continent is characterised by the
presence of late Early Cretaceous volcano-intrusive rocks that were
emplaced at around the same time and share similar features. Given
the strong deformation-related inﬂuence of the Indosinian Orogeny
on the tectonic development of Vietnam and Hainan Island, we propose
that these areas should be included in the Indochina Block. Further-
more, we recommended that South China and South Korea be better
placed in the East Asian continental margin.Fig. 13. Sketch map showing convergence of the Indosinian multi-plates and astheno-
spheric upwelling (revised from Dong et al., 2007).8. The Indosinian multi-plate convergence model in South China
Compressive structures in the Indochina Peninsula are commonly
associated with the Indosinian Orogeny in South China (Huang et al.,
1987; Ren, 1991). The southwest margin of the South China block
experienced substantial horizontal shortening during continental col-
lision that followed subduction during the Early Permian and Middle
Triassic, before post-orogenic collapse in the Late Triassic (Peng et al.,
2006). Accretionary tectonics related to collision of the Sibumasu,
Indochina and South China blocks occurred between 258 ± 6 and
243 ± 5 Ma, contributing to crustal thickening and closure of the
Palaeo-Tethys Ocean at about 245 Ma (Carter et al., 2001; Lepvrier
et al., 2004). During ongoing N–S directed compression, E–W
trending folds were formed in South China during collision in the
early Indosinian, and E–W folds and NE–SW faults with dextral slip
were formed in the Wuyi Mountain region. Muscovite from two
mylonite samples from the shear zones in Wuyi Mountain region
have yielded 40Ar/39Ar ages of 238.5 ± 2.8 Ma and 235.3 ± 2.8 Ma,
whereas granite that cuts the shears has given an LA–ICP–MS U–Pb
zircon age of 229 ± 2.2 Ma; these age data constrain the shearing
to the period 239–230 Ma (Xu et al., 2011).
As mentioned, Indosinian granites are found all along the western
Paciﬁc Rim of the East Asian continental margin, in North China,South Korea, the Hida belt in Japan, and the Zhejiang–Fujian coastal
areas (Li et al., 2012b; Sun et al., 2011; Zhao et al., in press). Early
Indosinian syn-collision granite types of the Yeongnam Massif in
South Korea were emplaced at 253–239 Ma, predating collision of
the North China and Yangtze blocks (Kim et al., 2011). Moreover,
the presence of Indosinian alkaline A-type granitic plutons in the Jinhua
region of eastern Zhejiang has been conﬁrmed. According to these ﬁnd-
ings, we propose that subduction–extension events occurred following
subduction of the Palaeo-Paciﬁc plate beneath the East Asian continen-
tal margin. In addition, several palaeo-continental blocks located above
the subducting Palaeo-Paciﬁc plate collided with the East Asian conti-
nental margin (Charvet, 2011; Fig. 13). Our results indicate that the col-
lision between the Palaeo-Paciﬁc plate and the East Asian continental
margin began at around 253–239 Ma, followed by extensional collapse
between approximately 232 and 215 Ma.
Adding complexity to the model, deformation in the South China
Block would have been inﬂuenced by compressive stress associated
withmovement of the Siberian plate in the north (Fig. 13). Compressed
from both the north and south, the Yangtze Block was eventually
subducted under the northern margin of the Qinling–Dabie area during
the Early Triassic. The peak metamorphism associated with collision
between the North China and South China blocks is dated at around
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margins of South China (Hacker et al., 1998; Rowley et al., 1997;
Zheng et al., 2003). Most of the gabbros, syenites, and alkali A-type
granites, typical of post-collision settings, were then formed at around
219–208 Ma in the Sulu–South Korea Belt (Cho et al., 2008; Yang
et al., 2005;Williams et al., 2009). Thus, it is inferred that the Indosinian
granitoids in South China resulted from subduction–collision–extension
events related to the convergence of multiple plates (Fig. 13).
In South China, deformation fabrics (such as schistocity) are ob-
served in Early Indosinian syn-collision granites, but are absent or rare
in Late Indosinian post-collision types (Mao et al., 2011). The timing
of magmatic activity between the Early and Late Indosinian periods
also corresponds with the angular unconformity in the Xuefengshan
region between 228 and 225 Ma in the Triassic (T1–2–T3; Li et al.,
2011). Small-scale magmatic underplating in Hunan province of the
South China Inland Belt is inferred to have followed collision, further
heating the crust and inducing the partialmelting that led to the genesis
of metaluminous to weakly peraluminous granites of Late Indosinian
age. Evidence for underplating at around this time is provided by as-
thenospheric mantle-derived maﬁc rocks from Dao County in Hunan
Province that have been dated at 224–204 Ma (Guo et al., 1997).
Therefore, the period of time around 225 Ma represents a crucial chro-
nological boundary for the geothermal events (Guo et al., 1997; Wang
et al., 2007b). In addition, LA–ICP–MS dating of alkali basalts from
Zhongxingpu and Lizhaixiang in Ningyuan County, Hunan Province,
has yielded ages of 212.3 ± 1.7 Ma and 205.5 ± 3.3 Ma, respectively
(Liu et al., 2010a). There is also seismic evidence for asthenospheric
upwelling in Chenzhou, Hunan Province (Zhu et al., 2005), though it is
unclear whether this is related tomantle plumes from the large igneous
province of Emeishan (Chen et al., 2008, 2011; Fig. 13).
9. Conclusions
The Dashuang pluton consists of quartz monzonite and subordinate
aegirine–augite quartz syenites. Ages for these rocks as determined by
LA–MC–ICP–MS U–Pb dating are 231.60 ± 0.86 Ma and 231.7 ±
1.1 Ma, respectively, establishing that their emplacement was during
the IndosinianOrogeny. Geochemical patterns for the quartzmonzonite
are characteristic of granitic magma evolution towards the alkaline
series, with a decrease in FeO, MgO, Al2O3, CaO and P2O5 concentrations
at higher SiO2 values. We infer that the source magma for this rock was
derived from lithosphericmantle, andwas contaminated by Proterozoic
metamorphic rocks and evolved by fractional crystallisation. The quartz
syenites belong to the alkaline series, are relatively enriched in LREE
and LILE, and have high Al2O3, NaO2 and SiO2 values corresponding to
the abundance of aegirine–augite and feldspar. They also have lower
initial 87Sr/86Sr ratios, lower T2DM values, and a higher εNd(t) value
compared with the quartz monzonite. Fractional crystallisation of an
enriched mantle-derived alkaline magma, best explains the magma
evolution of the quartz syenites. Farther abroad, in South Korea, the
existence of Indosinian syn-collision granites, as well as alkaline
A-type granite, supports collision of the Palaeo-Paciﬁc plate with the
South China block. From our comparison of the spatial and temporal re-
lations of Mesozoic granites in South China, Hainan Island and Vietnam,
we conclude that the Indosinian Orogeny in South China resulted from
multi-plate convergence.
Acknowledgements
The authors thankDrs. Nelson Eby, Rohini Shivaram, and Ruud Koole,
and two reviewers for their constructive reviews, especially Prof. Stefan
Jung, which signiﬁcantly improved the manuscript. Prof. Shuwen Dong
and Changqian Ma are acknowledged for their helpful suggestions and
for proof-reading the revised manuscript. We thank Stallard Scientiﬁc
Editing for improving the English of themanuscript. This study was sup-
ported by the China Geological Survey (grant numbers: 1212010611805,12010911012, 1212011121098, and 1212011120120) and by the Inter-
national Cooperation Project for Chinese Science and Technology
(grant number 2011DFA22460).
References
Barth, M.G., McDonough, W.F., Rudnick, R.L., 2000. Tracking the budget of Nb and Ta in
the continental crust. Chemical Geology 165, 197–213.
Brown, P.E., Becker, S.M., 1986. Fractionation, hybridisation, and magma mixing in the
Kialineq centre, East Greenland. Contributions to Mineralogy and Petrology 92,
57–70.
Carter, A., Roques, D., Bristow, C., Kinny, P., 2001. Understanding Mesozoic accretion in
Southeast Asia: signiﬁcance of Triassic thermotectonism (Indosinian orogeny) in
Vietnam. Geology 29, 211–214.
Charvet, J., 2011. Late Paleozoic–Mesozoic tectonic evolution of SW Japan: a review.
Proceedings of the Fifth Workshop on 1:5,000,000 International Geological Map
of Asia, pp. 219–226.
Chen, J.F., Jahn, B.M., 1998. Crustal evolution of southeastern China: Nd and Sr isotopic
evidence. Tectonophysics 284, 101–133.
Chen, W.F., Chen, P.R., Huang, H.Y., Ding, X., Sun, T., 2007. Geochemistry and geochro-
nology of the Baimashan granite and xenoliths in Hunan Province. Science in China
(Series D) 37, 873–893.
Chen, C.H., Lee, C.Y., Shinjo, R., 2008. Was there Jurassic Paleo-Paciﬁc subduction in
South China? Constraints from 40Ar/39Ar dating, elemental and Sr–Nd–Pb isotopic
geochemistry of the Mesozoic basalts. Lithos 106, 83–92.
Chen, C.H., Hsieh, P.S., Lee, C.Y., Zhou, H.W., 2011. Two episodes of the Indosinian
thermal event on the South China Block: constraints from LA–ICPMS U–Pb zircon
and electron microprobe monazite ages of the Darongshan S-type granitic suite.
Gondwana Research 19, 1008–1023.
Cho, D.L., Lee, S.R., Armstrong, R., 2008. Termination of the Permo-Triassic Songrim
(Indosinian) orogeny in the Ogcheon Belt, South Korea: occurrence of ca. 220 Ma
post-orogenic alkali granites and their tectonic implications. Lithos 105, 191–200.
Chung, S.L., Chu, M.F., Zhang, Y.Q., 2005. Tibetan tectonic evolution inferred from
spatial and temporal variations in post-collisional magmatism. Earth-Science
Reviews 68, 173–196.
Congticelli, S., Peccerillo, A., 1992. Petrology and geochemistry of potassic and ultrapotassic
volcanism in central Italy: petrogenesis and inferences on the evolution of the mantle
sources. Lithos 28, 221–240.
Depart, J., 1914. Etude des plissements et des zones décrasement de la moyenneet de la
basse Rivière Noire. Memoires du Service Geologique de l'Indo-Chine 3, 59.
Dong, S.W., Zhang, Y.Q., Long, C.X., Yang, Z.Y., Ji, Q., Wang, T., Hu, J.M., Chen, X.H., 2007.
Jurassic tectonic revolution in China and new interpretation of the Yanshan
movement. Acta Geologica Sinica 81, 1449–1460.
Fitton, J.G., Upton, B.G., 1987. Alkaline igneous rocks. London Geological Society, Spe-
cial Publication 30, 568.
Fromagat, J., 1932. Sur la structure des Indosinides. C. Research Academic Sciences,
pp. 195–538.
Frost, B.R., Barnes, C.G., Collina, W.J., Arculus, R.J., Ellis, D.J., Frost, C.D., 2001. A
geochemical classiﬁcation for granitic rocks. Journal of Petrology 42, 2033–2048.
Guo, F., Fan,W.M., Lin, G., Lin, Y.X., 1997. Sm–Nd dating and petrogenesis ofMesozoic gabbro
xenolith in Daoxian County, Hunan Province. Chinese Science Bulletin 42, 661–1663.
Hacker, B.R., Ratschbacher, L.W., Ireland, L., 1998. U/Pb zircon ages constrain the
architecture of the ultrahigh-pressure Qinling–Dabie Orogen, China. Earth and
Planetary Science Letters 161, 215–230.
Hou, K.J., Li, Y.H., Tian, Y.R., 2009. In situ U–Pb zircon dating using laser ablation–multi
ion counting–ICP–MS. Mineral Deposits 28 (4), 481–492.
Huang, J.Q., Ren, J.S., Jiang, C.F., Zhang, Z.K., Qin, D.Y., 1987. Geotectonic Evolution of
China. Springer-Verlag, Berlin.
Jahn, B.M., Wu, F.Y., Chen, B., 2000. Massive granitoid generation in Central Asia: Nd
isotope evidence and implication for continental growth in the Phanerozoic.
Episode 23, 82–92.
Jung, S., Hoernes, S., Hoffer, E., 2005. Petrogenesis of cogenetic nepheline and quartz
syenites and granites (Northern Damara Orogen, Namibia) — enriched mantle vs.
crustal contamination. Journal of Geology 113, 651–672.
Kim, S.W., Kwon, S., Hee, J.K., Yi, K., Jeong, Y.J., Santosh, M., 2011. Geotectonic frame-
work of Permo–Triassic magmatism within the Korean Peninsula. Gondwana
Research 20, 865–899.
Lan, C.Y., Chung, S.L., Shen, J.J.S., 2000. Geochemical and Sr–Nd isotope characteristics
of granitic rocks from northern Vietnam. Journal of Asian Earth Sciences 18,
267–280.
Lan, C.Y., Chung, S.L., Long, T.V., 2003. Geochemical and Sr–Nd isotopic constraints from
the Kontum Massif, central Vietnam on the crustal evolution of the Indochina
block. Precambrian Research 122, 7–27.
Le Bas, M.J., Le Maitre, R.W., Streckeisen, R.W., Zanettin, B.A., 1986. A chemical classiﬁca-
tion of volcanic rocks based on the total alkali–silica diagram. Journal of Petrology 27,
745–750.
Lee, J., Williams, I., Ellis, D., 1997. Pb, U and Th diffusion in Nature zircon. Nature 390,
159–162.
Lepvrier, C., Maluski, H., Van Tich, Vu., Leyerloup, A., Thi, Phan Truong, Van Vuong,
Nguyen, 2004. The Early Triassic Indosinian orogeny in Vietnam (Truong Son Belt
and Kontum Massif): implications for the geodynamic evolution of Indochina.
Tectonophysics 393, 87–118.
Li, X.H., Li, Z.X., Li, W.X., Wang, Y.J., 2006. Initiation of the Indosinian orogeny in South
China: evidence for a Permian magmatic arc on Hainan Island. Journal of Geology
114, 341–353.
97J. Mao et al. / Lithos 172–173 (2013) 81–97Li, S.Z., Wang, T., Jin, C., Dai, L.M., Zhou, X.J., Wang, Y.J., Zhang, G.W., 2011. Features and
causes of Indosinian intracontinental structures in the Xuefeng Precambrian base-
ment and its neighboring region. Journal of Jilin University (Earth Science Edition)
41, 91–105 (in Chinese with English abstract).
Li, W.Y., Ma, C.Q., Liu, Y.Y., Paul, T.R., 2012a. Discovery of the Indosinian aluminum A-type
granite in Zhejiang Province and its geological signiﬁcance. Science in China (Series
D) 5, 13–25.
Li, Z.X., Li, X.H., Sun-Lin Chung, S.L., Lo, C.H., Xu, X.S., Li, W.X., 2012b. Magmatic switch-on
and switch-off along the South China continental margin since the Permian: transi-
tion from an Andean-type to a Western Paciﬁc-type plate boundary. Tectonophysics
532–535, 271–290.
Linne, R.L., Kapper, H., 2002. Melt composition control of Zr/Hf fractionation in
magmatic processes. Geochimica et Cosmochimica Acta 66, 3293–3301.
Litvinovsky, A.A., Jahn, B.M., Zanvilevich, A.N., Saunders, A., Poulain, S., Kuzmin, D.V.,
Reichow, M.K., Titov, A.V., 2002. Petrogenesis of syenite–granite suites from the
Bryansky Complex (Transbaikalia, Russia): implications for the origin of A-type
granitoid magmas. Chemical Geology 189, 105–133.
Liu, Y., Li, T.D., Xiao, Q.H., Geng, S.F., Wang, T., 2010a. New chronology of the Ningyuan
alkali basalt in southern Hunan, China: evidence from LA–ICP–MS zircon U–Pb
dating. Geological Bulletin of China 6, 833–841.
Liu, Y.S., Hu, Z.C., Zong, K.Q., Gao, S., Xu, J., Chen, H.H., 2010b. Reappraisement and
reﬁnement of zircon U–Pb isotope and trace element analyses by LA–ICP–MS.
Chinese Science Bulletin 55, 1535–1546.
Lubala, R.T., Frick, C., Roders, J.H., Walraven, F., 1994. Petrogenesis of syenites and gran-
ites in the schiel alkaline complex, Northern Transvaal, South Africa. Journal of Ge-
ology 102, 307–316.
Ma, D.Q., Zhao, Z.J., Kang, X.J., 1991. The granitoids in Hainan Inland. In: Wang, X.F.
(Ed.), Geology of Hainan Inland (2). Geological Press, Beijing, China, pp. 1–167.
Mao, J.R., Takahashi, Y., Li, Z.L., Nakajima, T., Ye, H.M., Zhao, X.L., Zhou, J., Hu, Q., Zeng, Q.T.,
2009. Correlation of Meso-Cenozoic tectono-magmatism between SE China and
Japan. Geological Bulletin of China 28, 28–40 (in Chinese with English abstract).
Mao, J.R., Takahashi, Y., Kee, W.S., Li, Z.L., Ye, H.M., Zhao, X.L., Liu, K., Zhou, J., 2011.
Characteristics and geodynamic evolution of Indosinian magmatism in South
China: a case study of the Guikeng pluton. Lithos 127, 535–557.
McDonough, W.F., Sun, S.S., 1995. The composition of the earth. Chemical Geology 120,
223–253.
Münker, C., Pfänder, J.A., Weyer, S., Büchl, A., Kleine, T., Mezger, K., 2003. Evolution of
planetary cores and the Earth–Moon system from Nb/Ta systematics. Science
301, 84–87.
Nagy, E.A., Maluski, H., Lepvrier, C., Schärer, U., Phan, T.T., Leyreloup, A., Thich, V.V.,
2001. Geodynamic signiﬁcance of the KontumMassif in central Vietnam: composite
40Ar/39Ar and U–Pb ages from Paleozoic to Triassic. Journal of Geology 109, 755–770.
Nakano, N., Osanai, Y., Owada, M., Tran, N.N., Tsunogae, T., Toyoshima, T., Pham, B.,
2004. Decompression process of maﬁc granulite from eclogite to granulite facies
under ultrahigh-temperature condition in the Kontum Massif central Vietnam.
Journal of Mineralogical and Petrological Sciences 99, 242–256.
Nam, T., Sano, Y., Terada, K., Toriumi, M., Phan, V.Q., Le, T.D., 2001. First SHRIMP U–Pb
zircon dating of granulites from the Kontum Massif (Vietnam) and tectonothermal
implications. Journal of Asian Earth Sciences 19, 77–84.
Nasdala, L., Hofmeister, W., Norberg, N., Martinson, J.M., Corfu, F., Dörr, W., Kamo, S.L.,
Kennedy, A.K., Kronz, A., Reiners, P.W., Frei, D., Kosler, J., Wan, Y., Götze, J., Häger,
T., Kröner, A., Valley, J.W., 2008. Zircon 257 Ma homogeneous natural reference
material for the ion microprobe U–Pb analysis of zircon. Geostandards and
Geoanalytical Research 32, 247–265.
Nguyen, T.T.B., Satir, M., Siebel, W., Chen, F.K., 2004. Granitoids in the Dalat zone,
southern Vietnam: age constraints on magmatism and regional geological implica-
tions. International Journal Earth Science (Geological Rundsch) 93, 329–340.
Owada, M., Osanai, Y., Nakano, N., 2007. Crustal anatexis and formation of two types of
granitic magmas in the Kontum Massif central Vietnam: implications for magma
processes in collision zones. Gondwana Research 12, 428–437.
Pearce, J.A., 1996. Sources and settings of granitic rocks. Episodes 19, 120–125.
Peng, T.P., Wang, Y.J., Fan, W.M., Liu, D.Y., Shi, Y.R., Miao, L.C., 2006. The SHRIMP zircon
U–Pb geochronology of the early Mesozoic felsic igneous rocks from the southern
Lancangjiang and its tectonic implications. Science in China (Series D) 49,
1032–1042.
Pfänder, J.A., Münker, C., Stracke, A., Mezger, K., 2007. Nb/Ta and Zr/Hf in ocean island
basalts — implications for crust–mantle differentiation and the fate of Niobium.
Earth and Planetary Science Letters 254, 158–172.
Pfänder, J.A., Jung, S., Münker, C., Stracke, A., Mezger, K., 2012. A possible high Nb/Ta
reservoir in the continental lithospheric mantle and consequences on the global
Nb budget— evidence from continental basalts from Central Germany. Geochimica
et Cosmochimica Acta 77, 232–251.
Qiu, J.S., McInnes, B.I.A., Xu, X.S., Allen, C.M., 2004. Zircon ELA–ICP–MS dating for Wuliting
pluton at Dajishan, Southern Jiangxi and new recognition about its relation to tungsten
mineralization. Geological Review 50, 125–133.
Ren, J.S., 1991. On the geotectonics of southern China. Acta Geologica Sinica 2, 111–136.
Rollinson, H.R., 1993. Using Geochemical Data: Evaluation, Presentation, Interpreta-
tion. Longmans Singapore Publishers (Pte), Singapore.Rowley, D.B., Xue, F., Tucker, R.D., 1997. Ages of ultrahigh pressure metamorphism and
protolith orthogneisses from the eastern Dabieshan: U–Pb zircon geochronology.
Earth and Planetary Science Letters 151, 191–203.
Rubatto, D., 2002. Zircon trace element geochemistry: partitioning with garnet and the
link between U–Pb ages and metamorphism. Chemical Geology 184, 123–138.
Sun, S.S., McDonough, W.F., 1989. In: Saunder, A.D., Norry, M.J. (Eds.), Chemical
and Isotopic Systematics of Oceanic Basalts: Implication for Mantle Composi-
tion and Processes: Special Publication of the Geological Society of London,
42, pp. 313–345.
Sun, T., Zhou, X.M., Chen, P.R., 2005. Strongly peraluminous granites of Mesozoic in
Eastern Nanling Range, southern China: petrogenesis and implications for tecton-
ics. Science in China 48, 165–174.
Sun, Y., Ma, C.Q., Liu, Y.Y., She, Z.B., 2011. Geochronological and geochemical con-
straints on the petrogenesis of late Triassic aluminous A-type granites in southeast
China. Journal of Asian Earth Sciences 42, 1117–1131.
Sutcliff, R.H., Smith, A.R., Doherty, W., Barnett, R.L., 1990. Mantle derivation of Archae-
an amphibole-bearing granitoids and associated maﬁc rocks: evidence from the
Southern Superior Province, Canada. Contributions to Mineralogy and Petrology
105, 255–274.
Sylvester, P.J., 1998. Post-collisional strongly peraluminous granites. Lithos 45, 29–44.
Wang, L.J., Yu, J.H., Xu, X.S., Xie, L., Qiu, J.S., Sun, T., 2007a. Formation age and origin of
the Gutian–Xiaotao granitic complex in the southwestern Fujian Province, China.
Acta Petrologica Sinica 23, 1470–1484.
Wang, Y.J., Fan, W.M., Sun, M., 2007b. Geochronological, geochemical and geothermal
constraints on petrogenesis of the Indosinian peraluminous granites in the South
China Block: a case study in the Hunan Province. Lithos 96, 475–502.
Williams, I.S., Cho, D.L., Kim, S.W., 2009. Geochronology, and geochemical and Nd-Sr
isotopic characteristics of Triassic plutonic rocks in the Gyeonggi Massif, South
Korea: Constraints on Triassic post-collisional magmatism. Lithos 107, 239–256.
Whalen, J.B., Currie, K.L., Chappell, B.W., 1987. A-type granites: Geochemical character-
istics, discrimination and petrogenesis. Contributions to Mineralogy and Petrology
94, 406–419.
Xie, C.F., Zhu, J.C., Ding, S.J., Zhao, Z.J., 2005. Zircon SHRIMP U–Pb age dating of garnet–
acmite syenite: constraints on the Hercynian–Indosinian tectonic evolution of
Hainan Island. Geological Journal of China University 11, 47–57.
Xie, C.F., Zhu, J.C., Ding, S.J., 2006a. Age and petrogenesis of the Jianfengling granite and
its relationship to metallogenesis of Baolun gold deposit, Hainan Island. Acta
Petrologica Sinica 20, 2493–2508.
Xie, C.F., Zhu, J.C., Ding, S.J., Zhang, Y.M., 2006b. Identiﬁcation of Hercynian shoshonitic
intrusive rocks in central Hainan Island and its geotectonic implications. Chinese
Science Bulletin 51, 2507–2519.
Xu, Y.G., Chung, S.L., Jahn, B.M., Wu, G.Y., 2001. Petrologic and geochemical constraints
on the petrogenesis of Permian–Triassic Emeishan ﬂood basalts in southwestern
China. Lithos 58, 145–168.
Xu, X.S., Deng, P., O'Reilly, S.Y., Grifﬁn, W.L., Zhou, X.M., Tan, Z.Z., 2003. Single zircon
LA–ICP–MS U–Pb dating of Guidong complex (SE China) and its petrogenetic
signiﬁcance. Chinese Science Bulletin 48, 1892–1899.
Xu, X.B., Zhang, Y.Q., Shu, L.S., Jia, D., 2011. LA–ICP–MS U–Pb and 40Ar/39Ar geochronol-
ogy of the sheared metamorphic rocks in the Wuyishan: constraints on the timing
of Early Paleozoic and Early Mesozoic tectono-thermal events in SE China.
Tectonophysics 501, 71–86.
Yang, J.H., Chung, S.L., Wilde, S.A., Wu, F.Y., Chu, M.F., Lo, C.H., Fan, H.R., 2005. Petro-
genesis of post-orogenic syenites in the Sulu Orogenic Belt, East China: geochro-
nological, geochemical and Nd-Sr isotopic evidence. Chemical Geology 214,
99–125.
Ye, H.M., Mao, J.R., Zhao, X.L., Liu, K., Chen, D.D., 2012. Revisiting Early -Middle Jurassic
igneous activity in the Nanling Mountains, South China: Geochemistry and impli-
cations for regional geodynamics. Journal of Asian Earth Sciences. http://
dx.doi.org/10.1016/j.jseaes.2012.07.010 (in press).
Yi, K., Kim, N.H., Kim, H.G., Kim, Y., Kim, J., Cho, M., Cheong, C.S., 2010. SHRIMP zircon
U–Pb ages and re-evaluation of geochemistry of Permian–Jurassic granitoids in
Northeastern Gyeongsang Basin. Abstract Volume for the Conference of the
Geological Society of Korea, p. 122.
Zhang, W.L., Hua, R.M., Wang, R.C., Li, H.M., Chen, P.R., 2004. Single zircon U–Pb isoto-
pic age of the Wuliting Granite in Dajishan area of Jiangxi, and its geological impli-
cations. Acta Geologica Sinica 78, 352–358.
Zhao, J.X., Shiraishi, K., Ellis, D.J., Sheraton, J.W., 1995. Geochemical and isotopic studies
of syenites from the Yamato Mountains, East Antarctic: implications for the origin
of syenitic magmas. Geochimica et Cosmochimica Acta 59, 1363–1382.
Zhao, X.L., Mao, J.R., Ye, H.M., Liu, K., Takahashi, Y., 2013. Tectonic Signiﬁcance of the
Hida Belt, Japan: Insights from U–Pb Age, Geochemical, and Sr–Nd Isotopic
Constraints on Multi-stage Granitoid Evolution. Island Arc (in press).
Zheng, Y.F., Fu, B., Gong, B., Li, L., 2003. Stable isotope geochemistry of ultrahigh
pressure metamorphic rocks from the Dabie–Sulu orogen in China: implications
for geodynamics and ﬂuid regime. Earth Science Review 62, 105–161.
Zhou, C.Y., Wu, F.Y., Ge, W.C., Shun, D.Y., Abdel Rahman, A., Zhang, J.H., Chen, R.Y., 2005.
Age, geochemistry and petrogenesis of the cumulate gabbro in Tahe, northern Da
Hinggan Mountain. Acta Petrologica Sinica 21, 763–775.
